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Sediment cores from New Zealand’s Bay of Plenty and the Chatham Rise in the
Southwest Pacific were sampled to establish a regional Mg/Ca–temperature calibration
for the benthic foraminifer Uvigerina peregrina. Comparison of foraminiferal Mg/Ca from
core-top sediments to local bottom water temperatures reveals a Mg/Ca–temperature
relationship broadly consistent with previously published calibrations. In addition to
bottom water temperatures, other environmental parameters are examined for possible
influence on the Mg/Ca of foraminiferal calcite. Elderfield et al. (2006) proposed that
such parameters may exert an influence at colder temperatures, particularly below
temperatures of ~3ºC (e.g. Lear et al., 2002; Elderfield et al., 2006; Bryan and
Marchitto, 2008). Multiple cores, from water depths between 2400 and 3300 meters,
yielded unexpectedly high Mg/Ca ratios (~1.35 mmol/mol) given the ambient bottom
water temperatures of ~2ºC.
Several non-temperature influences were ruled out as the possible cause of the
high Mg/Ca measurements. These include morphotype variations, dissolution, down-

slope transport, inorganic calcite overgrowths, and carbonate ion saturation. Further
analyses, including SEM/EDS analysis of the interior of test chambers, revealed the
presence of aluminosilicate crystals growing within chambers of U. peregrina. It is
hypothesized that authigenic aluminosilicate growths may present difficulties in
measuring and interpreting Mg/Ca in infaunal foraminifera by contributing additional
cations during analysis. This affects sediments from New Zealand, and may also occur
in other locations. The chemical conditions required for such aluminosilicate
precipitation are expected to include high detrital sediment inputs (i.e. fluvial or
volcanic), intense surface ocean productivity (i.e. high biogenic silica flux), and high
dissolved inorganic carbon concentrations in the water mass overlying the seafloor.
Due to the widespread use of the benthic Mg/Ca paleotemperature proxy, it is
important to identify any factors that could potentially complicate its use or
interpretation. The observed aluminosilicate grains emphasize the need to look beyond
the carbonate system when considering diagenetic influences on foraminiferal calcite.
Factors such as pore water chemistry and sediment type could exert a significant
influence on Mg/Ca measurements, potentially overwriting the Mg/Ca–temperature
signal of foraminiferal calcite. Identifying the presence of silicate contaminants and the
conditions that cause them to precipitate could enable a better understanding of the
factors leading to Mg/Ca measurements that reflect factors other than primary
temperature control. Our results suggest that SEM imaging of foraminifer chamber
interiors, particularly in areas susceptible to aluminosilicate precipitation, should be
done as part of the sample selection process, both in core-top sediments and in paleo
records, to ensure production of quality Mg/Ca datasets without diagenetic overprinting.
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Chapter 1:
INTRODUCTION

The relationship between temperature and the magnesium to calcium ratio (Mg/
Ca) in both planktic and benthic foraminiferal calcite is widely used to estimate past sea
surface/thermocline and deep water temperatures, respectively (e.g. Elderfield and
Ganssen, 2000; Elderfield et al., 2012; Lear et al., 2000; Martin et al., 2002; Rosenthal
and Lohmann, 2002). The positive relationship between the Mg/Ca ratio in foraminiferal
calcite and ambient temperature is suspected to be due to a combination of
thermodynamic responses and physiological processes, otherwise known as “vital
effects” (Lear et al., 2002; Holland et al., 2017). Because of the biological mediation of
calcification, species-specific calibrations are often necessary (e.g., Lea et al., 1999).
For abyssal benthic foraminifera, the study of the Mg/Ca-temperature relationship has
largely relied on core-top calibrations, in part because deep-dwelling benthic
foraminifera are difficult to raise in culture experiments due to the pressure difference
between the deep ocean and surface conditions.
The Mg/Ca ratio of benthic foraminifera such as Uvigerina has been used to
reconstruct records of deep ocean temperature, often focusing on key climatic events
such as the Mid-Pleistocene Transition (Elderfield et al., 2012) and glacial-interglacial
transitions (Elmore et al., 2015). One advantage of the Mg/Ca-paleotemperature proxy
is that it can be combined with the oxygen isotopic composition of foraminiferal calcite
(δ18Oc) to estimate the past oxygen isotopic composition of seawater (δ18Osw), as
demonstrated by Elderfield and Ganssen (2000). Paleo δ18Osw reflects the combined
influences of processes affecting source water (e.g., precipitation, evaporation), global
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ice volume, and mixing (Ravelo and Hillaire-Marcel, 2007). However, to date, multiple
Mg/Ca-temperature calibrations have been published (Lear et al., 2002; Elderfield et al.,
2006; Bryan and Marchitto, 2008; Elderfield et al., 2010), each with a different
temperature sensitivity. Further calibration efforts are needed to clarify which sensitivity
is most appropriate for Uvigerina, and whether the foraminiferal Mg/Ca is influenced by
region-specific, species-specific, or secondary effects.
Previous core-top calibrations for the genus Uvigerina have yielded variable
results. Lear and colleagues (2002) used an exponential equation, and found a
temperature sensitivity of approximately 6% Mg/Ca per ºC. Elderfield and colleagues
(2006) determined a slightly higher temperature sensitivity of ~7.5% Mg/Ca per ºC. Both
studies used exponential equations because the thermodynamic influence on Mg/Ca
incorporation is expected to be exponential. However, other studies have found no
evidence that an exponential equation is statistically more appropriate than a linear one,
and argue that the biological mediation of calcification is more important in the Mg/Catemperature relationship. Bryan and Marchitto (2008) determined that the temperature
sensitivity of U. peregrina is 0.079 mmol/mol per ºC. Elderfield and colleagues (2010)
estimated the sensitivity of Uvigerina using two different methods, with one method
yielding a sensitivity of 0.071–0.084 mmol/mol per ºC, and the other method yielding a
higher sensitivity of 0.1 mmol/mol per ºC. This range of sensitivity estimates is illustrated
in Figure 1. One of the difficulties preventing a consensus on a calibration equation is
the large amount of variability that has been observed within a small temperature range.
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Figure 1. Graph showing Mg/Ca (mmol/mol) of core-top Uvigerina vs temperature (ºC),
including calibration equations from previous studies. (Locations shown in Figure 2A.)
Shown in red are the values obtained in this study, and the chosen calibration equation
for New Zealand sites: Mg/Ca = 0.0767*T + 0.830. Note that this equation excludes the
high Mg/Ca values at ~2ºC, which are hypothesized to be influenced by a factor other
than temperature. This equation is similar to the equation of Bryan and Marchitto
(2008): Mg/Ca = .079*T + 0.77.
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One explanation for the wide degree of Mg/Ca variability is that there is one or
more secondary influences in addition to temperature. Further evidence for this is the
fact that the slope of the Mg/Ca-temperature relationship has been observed to change
at around 3 to 5ºC (Lear et al., 2002; Elderfield et al., 2006; Bryan and Marchitto, 2008).
A leading culprit for this deviation in behavior is the carbonate ion, and its degree of
saturation with respect to calcite (∆[CO32-]). Carbonate ion saturation is particularly
expected to affect samples taken from cold, deep waters, where the temperature
sensitivity is lower (assuming an exponential relationship) and calcite is reaching
saturation (Elderfield et al., 2006). However, while multiple authors suggest that ∆[CO32-]
plays a role, there is not an agreement on whether low ∆[CO32-] enhances (Bryan and
Marchitto, 2008) or suppresses temperature sensitivity (Elderfield et al., 2006).
Understanding the role of the carbonate system on Mg incorporation is particularly
important if this proxy is to be used for paleo-temperature reconstructions.
In addition to ∆[CO32-], other factors have also been examined as a potential
influence on Mg/Ca in foraminifera. These include seawater [Mg2+] (Mewes et al., 2014),
seawater [Ca2+] (Dueñas-Bohórquez et al., 2011), salinity (Dissard et al., 2010), and
seawater Mg/Ca (de Nooijer et al., 2017). Many of these efforts rely on culture studies
using shallow benthic foraminifera. Therefore, the conclusions may not be directly
applicable to deep-dwelling genera such as Uvigerina, but the possible influence of
salinity and the carbon system is certainly something that merits further investigation.
Beyond these, there are also post-depositional processes that can alter test Mg/Ca
such as dissolution, recrystallization, and overgrowths (e.g. Morley et al., 2017; Branson
et al., 2015; Raitzsch et al., 2008).
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With the potential carbonate effects in mind, the authors of this study chose to use
the genus Uvigerina. Because the genus has a shallow infaunal habitat, with porewaters typically buffered by surrounding carbonate sediments, Uvigerina has been
hypothesized to be less susceptible to fluctuations in the ∆[CO32-] of bottom waters
(Elderfield et al., 2006; Elderfield et al., 2010). However, while the ∆[CO32-]-effect
hypothesis predicts anomalously low Mg/Ca ratios at depth, other studies (Morley et al.,
2017; Raitzsch et al., 2008) have observed unexpectedly high Mg/Ca in deeper, colder
sites. This hints that another factor may be involved, and that the use of Uvigerina may
not be a full solution to the problem.
The present study aims to investigate the Mg/Ca-temperature relationship in
Uvigerina, especially in deep and cold water masses. In addition, this study will assess
the possible influence of non-temperature environmental effects, and the potential
impact of including multiple Uvigerina morphotypes in Mg/Ca studies. This analysis is
carried out using a compilation of previously-published core-top studies, as well as new
data from multiple core-top sites in the southwestern Pacific Ocean.
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Chapter 2:
LOCATION: CORE SITES AND REGIONAL OCEANOGRAPHIC SETTING
A suite of sediment cores from the Southwest Pacific were selected in order to
explore relationships between core-top foraminiferal Mg/Ca and oceanographic
parameters. In particular, cores were selected to span a range of temperature from
~9ºC down to to ~1ºC, with many sites at cold temperatures at or below ~2ºC. Most
core sites lie within the Bay of Plenty, north of New Zealand’s North Island. The other
sites lie along a transect across Chatham Rise (Fig. 2). The Chatham Rise sites are
located in a similar setting to ODP Site 1123, which has been used for long-record
paleoceanography studies (e.g. Elderfield et al., 2012). Core names, depths, and
locations are listed in Table 1.
Table 1. New Zealand core names, locations, and depths. Core-top sediment from
these multicores was used for the calibration study. (Locations shown in Figure 2.)
Negative latitude or longitude values correspond with °S and °W, respectively.
Core

Sec'on

La'tude (°N)

Longitude (°E)

depth (m)

RR0503 86

F/G

-37.261

176.667

663

RR0503 78

D

-36.959

176.593

1163

RR0503 12

A

-44.797

-179.663

1335

RR0503 133

G

-36.400

176.568

1407

RR0503 22

C

-42.462

-177.836

1682

RR0503 94

A

-36.965

177.440

1806

RR0503 92

G

-36.798

177.440

1818

RR0503 65

E

-37.161

177.106

1887

RR0503 70

G

-37.073

177.157

1997

RR0503 68

G

-37.073

177.157

1997

RR0503 26

F

-42.075

-177.626

2418

RR0503 104

D

-36.733

177.583

2472

RR0503 122

C

-36.199

176.889

2541

RR0503 114

F

-36.392

177.317

3295

RR0503 38

C

-39.941

-176.224

4375
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The cores span a water depth range of approximately 600 to 4400 meters,
bathed by multiple water masses from both the Pacific and Southern Oceans. Water
masses originating in the Southern Ocean include Antarctic Intermediate Water (AAIW),
Circumpolar Deep Water (CDW), and Antarctic Bottom Water (AABW). Pacific Deep
Water (PDW) flows southward, at a depth between the upper and lower branches of
CDW (Talley, 2013). The Tonga-Kermadec Ridge acts as a sill moderating the east-west
flow of deep waters below ~2000 m between the Bay of Plenty and the South Pacific
Basin. For a more detailed description of New Zealand’s physical oceanography, see
the work of Chiswell and colleagues (2015).
Deep waters show little temperature variation (Fig. 3A; Fig. 4A), but there is a
noticeable difference in respired CO2 concentration between the chemically-aged PDW
(~33 µmol/kg) and the younger deep water masses from the Southern Ocean (~25
µmol/kg) (Fig. 3B; Fig. 4B). The different chemistry of PDW and the Southern Ocean
water masses is similarly evident when looking at total dissolved oxygen (Fig. 3C; Fig.
4C) and dissolved inorganic carbon (DIC) (Fig. 3D; Fig. 4D).
Several of the core locations used in this core-top study have also been used for
downcore paleoceanographic studies of the last glaciation (e.g. Allen et al., 2015; Sikes
et al., 2016; Sikes et al., 2017). These cores are well situated to capture changes in the
nature and extent of water masses such as AAIW, PDW, and CDW. Additionally, the
cores’ proximity to New Zealand’s volcanic zone means that they contain tephra layers
that can be used to establish stratigraphy (Allen et al., 2015; Shane et al., 2006; and
Lowe et al., 2008). Most of the paleoceanographic work to date has used Cibicidoides
wuellerstorfi and focused on stable isotope analyses, but Uvigerina are abundant in
these cores and could provide complementary data on the physical and chemical
properties of water masses through time.
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Figure 2. Map showing location of core-top sites. Global data (A) were compiled from prior Mg/Ca calibration studies
(colors as in Fig. 1). New Zealand core-top sites include sites in the Bay of Plenty (circles) and along Chatham Rise
(squares), ranging in depth from 663m to 4375m. Contour lines are drawn at 1000m depth intervals (B and C). ODP Site
1123 (triangle) is also shown for reference. Transect X–X’ is shown in Figure 3. Figure created using GeoMapApp
(www.geomapapp.org), Ryan et al., (2009).
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Figure 3. East-west transect along ~32ºS, showing water mass properties. Core
locations are shown in black: circles are Bay of Plenty cores, while squares are cores
on Chatham Rise. The basin representing the Bay of Plenty can be seen at ~176ºE.
The bathymetric high at ~180ºE is the Tonga-Kermadec ridge, which acts as a sill
regulating deep water flow. Deep water temperature (A) decreases slowly below a
depth of ~1000m. Dissolved CO2 (B), oxygen (C), and inorganic carbon (D) distinguish
northern-sourced deep waters from southern-sourced deep waters.
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Figure 4. North-south transect along ~170ºW, showing water mass properties. Core
locations are shown in black, as in Figure 3. Chatham Rise is the ridge between 45ºS
and 40ºS. Deep water temperatures (A) are relatively uniform, while dissolved CO2
(B), oxygen (C), and inorganic carbon (D) show the variation of deep water ages and
sources. Northern-sourced Pacific Deep Water (~2500 m) can be seen flowing
southward, where it meets with southern-sourced deep waters.
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Chapter 3:
METHODS
Core sampling and trace element analysis
Sediments were washed with deionized water through a 63-µm sieve, and
foraminifera specimens were selected from the >250 µm fraction under a light
microscope. Single-species samples of Uvigerina peregrina were selected, with each
sample comprising 8–10 individual tests. There was a total of 25 Uvigerina samples
from 15 core-top sites. Additionally, 9 samples of Globorotalia inflata from 6 cores were
run to check for post-depositional, diagenetic effects.
Prior to cleaning, samples were gently crushed between two glass slides to
break open the foraminifer tests and enable thorough cleaning of chamber interiors. The
samples were cleaned following the methods of Boyle and Keigwin (1985) and
Rosenthal et al. (1997): Samples were sonicated in both ultra-pure water and methanol
to remove clays and fine particulate carbonates (e.g. coccoliths). Oxides were removed
in a reductive cleaning step, using ammonia and hydrazine. Organic material was
removed in an oxidative cleaning step, using H2O2 and NaOH. After cleaning, samples
were thoroughly rinsed in ultra-pure water and then dissolved using trace metal grade
HNO3. Samples were analyzed using a Thermo Scientific Element XR ICP-MS located
at Rutgers University.
Multiple matrix standards were run to account for any bias due to differing
concentrations of calcium (Ca). The six matrix standards ranged in concentration from
1.5 to 8 mM Ca, a range which covers all samples except one unusually low value.
Matrix standards indicate that Mg/Ca decreased with increasing [Ca], so a logarithmic
correction was used when the matrix effect was significant (i.e. when R2 > 0.75). On
11

average, the matrix correction was ~6%, though it was somewhat greater for the
smallest samples. Consistency standards with Mg/Ca of 1.442 and 3.491 mmol/mol
were run at the beginning and end of each run, yielding a standard deviation of 0.0025
and 0.042 mmol/mol, respectively.

Stable Isotope Analysis
Samples were analyzed for both stable carbon and stable oxygen isotopes at the
Rutgers University Stable Isotope Laboratory on a Micromass Optima Mass
Spectrometer equipped with an automated Multiprep system. Samples contained
between 1 and 3 specimens of U. peregrina. A total of 27 samples were run for the 15
core-top sites. Samples were rinsed with distilled water and briefly sonicated
(approximately 3 pulses of 1 second each), to remove foreign material without
damaging the specimens. The supernatant was siphoned off, and samples were
allowed to dry overnight prior to analysis. Results are presented in standard δ notation,
relative to the Vienna PeeDee Belemnite (VPDB) standard, compared to an internal lab
standard calibrated with NBS-19.

Morphology
Because it has been suggested that different test morphologies in U. peregrina
may correspond with different incorporation of Mg into the test (Elderfield et al., 2012),
this study also separated specimens into different morphotypes, to evaluate whether
morphotype differences introduce significant variability and bias in measurements. This
study separates U. peregrina into three different morphotypes, labeled as Type A, Type
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A.
B, and Type C (Fig. 5). Type A was the most common and occurred in every core. It was
defined as being primarily costate, but hispid on the terminal 1-3 chambers. Type B was
more common in deeper cores, and was defined as being primarily hispid, with costae

A.

B.

only poorly defined. Type D was more common in shallow cores, and was defined as
being solely costate, and somewhat wider than the other morphotypes. The
morphotypes were run separately in both trace element and stable isotope studies so
they could be compared.

A.

B.

B.

C.

C.

C.

C.

B.

A.

Figure 5. Illustrations/images of the three U. peregrina morphotypes studied. Type A
was the most abundant, and could be found in every core. It was defined as
hispidocostate: spines occur on the final 1-3 chambers, but other chambers are
ornamented with well-defined ridges/costae. Type B was defined as hispid. Spines
occurred throughout, sometimes forming irregular and disrupted costae. Type B also
tends to be somewhat narrower than Type A. Type C was defined as costate. No
defined spines were observed, but costae were clear. Type C is shorter and wider than
other varieties. (It is possibly a more immature form.)
13

Hydrographic data
Hydrographic data were retrieved and visualized in Ocean Data View 4
(Schlitzer, 2017) using data from GLODAP v2 (Olsen et al., 2016). Some of the
carbonate system parameters were calculated using in situ measurements of alkalinity,
DIC, pH, temperature, and pressure; the constants used were those of Dickson and
colleagues (2007). Because the hydrographic profiles of GLODAP do not correspond
with the core sites of this study or previous Mg/Ca calibrations (Lear et al., 2002;
Elderfield et al., 2006; Bryan and Marchitto, 2008), the nearest station with the needed
data at the appropriate depth range was chosen. The stations used are listed in Table 3.
A linear interpolation was used between the depths in each GLODAP profile to
correspond to exact core-top depths. In each instance, the regions were studied for
signs of lateral heterogeneity, but in the listed locations, water masses were judged to
be laterally continuous between the hydrographic profiles and the core-tops, making the
hydrographic profiles reasonably representative of bottom water conditions at core sites.

SEM imaging
A Cameca SX-100 scanning electron microscope (SEM) at the University of
Maine’s School of Earth and Climate Sciences was used for imaging several foraminifer
specimens. SEM images were captured for the purpose of studying tests for signs of
diagenetic alteration (e.g. dissolution, overgrowths, etc.). Foraminifera were chosen
from the >250 fraction from four of the core-tops, with water depths ranging from 1163
to 4375 meters. Most of the specimens chosen for SEM imaging were planktonic,
particularly G. inflata. These were chosen due to their abundance, and also because
planktonic foraminifera tend to be more vulnerable to post-depositional alteration
processes. Two Uvigerina specimens were found to represent the two deeper sites.
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Chapter 3:
RESULTS
Stable Isotopes (δ18O)
For all core-top sites, δ18OUvi increases with depth (Fig. 6A; Table 2). Replicate
samples reproduced δ18OUvi within ±0.1‰ when replicates were of the same
morphospecies. The largest differences between replicates were -0.25‰ and 0.18‰,
but these were differences taken between morphotype A and B, and A and C,
respectively. The 1-σ precision of the Rutgers isotope laboratory is ~0.09‰ for δ18O
based on an internal standard (offset from NBS-19 by 0.04‰). At the shallowest site
(663m), δ18OUvi is 2.14‰ at a temperature of ~8.5ºC and δ18Osw of ~0.07‰. At the
deepest site (4375m), δ18OUvi is ~3.26‰ at a temperature of ~0.9ºC and δ18Osw of
-0.02‰ (Table 2). Modern bottom water temperature (BWT) and δ18OUvi are shown in
Figure 6. Comparing δ18OUvi to both water temperature and salinity (Fig. 6) shows that
δ18OUvi follows the general trend of these two influences.
The following equation from Marchitto et al. (2014) was used to derive
temperature from measured δ18OUvi, and modern δ18Osw:
T = 16.28 + [(δ18Osw – δ18OUvi) ÷ 0.231]

(Eq. 1)

δ18OUvi-based temperature estimates reproduced water temperatures within ±0.57ºC on
average (Fig. 7). The largest difference between calculated and measured temperature
was 1.47ºC (Fig. 7; Table 2).
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Table 2. Stable isotope results for core-top U. peregrina. Seawater isotope data are
from sites listed in Table 3. Equation 1 was used to derive Tcalc (see Fig. 7), and
∆δ13C represents the offset between δ13CUvi and δ13Csw, as shown in Figure 8.
Core

Morph.

Depth
(m)

δ18OUvi
(‰)

δ18Osw
(‰)

Tcalc
(ºC)

δ13CUvi
(‰)

δ13Csw
(‰)

∆δ13C
(‰)

86

A

663

2.14

0.07

7.3

0.67

1.21

-0.54

78

A

1163

2.71

0.02

4.6

0.26

0.76

-0.50

12

A

1335

3.08

0.01

3.0

-0.58

0.57

-1.15

12

A

1335

3.17

0.01

2.6

-0.57

0.57

-1.14

12

C

1335

3.15

0.01

2.7

-0.26

0.57

-0.83

133

A

1407

2.94

0.01

3.6

0.17

0.54

-0.37

22

A

1682

3.14

0.02

2.8

-0.06

0.44

-0.50

22

A

1682

3.19

0.02

2.5

-0.25

0.44

-0.69

22

C

1682

3.01

0.02

3.3

-0.30

0.44

-0.74

94

A

1806

3.16

0.03

2.7

-0.34

0.25

-0.59

94

C

1806

3.19

0.03

2.6

-0.35

0.25

-0.60

92

A

1818

3.24

0.03

2.4

-0.29

0.24

-0.53

65

A

1887

3.10

0.04

3.0

-0.21

0.23

-0.44

68

A

1997

3.26

0.04

2.4

-0.72

0.20

-0.92

70

A

1997

3.29

0.04

2.2

-0.31

0.20

-0.51

26

A

2418

3.32

0.05

2.1

-0.35

0.10

-0.45

104

A

2472

3.28

0.04

2.3

-0.64

0.09

-0.73

104

A

2472

3.16

0.04

2.8

-0.44

0.09

-0.53

104

B

2472

3.25

0.04

2.4

-0.26

0.09

-0.35

233

A

2541

3.18

0.04

2.7

-0.57

0.08

-0.65

122

B

2541

3.31

0.04

2.1

-0.30

0.08

-0.38

114

A

3295

3.07

0.05

3.2

-0.92

0.27

-1.19

114

A

3295

3.12

0.05

3.0

-0.97

0.27

-1.24

114

B

3295

3.32

0.05

2.1

-0.55

0.27

-0.82

114

B

3295

3.33

0.05

2.1

-0.88

0.27

-1.15

38

A

4375

3.31

-0.02

1.9

-0.28

0.37

-0.65

38

B

4375

3.20

-0.02

2.3

-0.23

0.37

-0.60
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Figure 6. Core-top δ18OUvi (A), bottom water temperatures
(B), and δ18Osw (C) versus depth. The shape of the profile in
500 500
A is consistent with δ18OUvi being influenced
by both BWT and δ18Osw. Error bars in A reflect the 1–σ precision of
Rutgers isotope laboratory (~0.09‰). Water column data were obtained from GLODAP v2 (Olsen et al., 2016). Sites
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Figure 7. Temperature as calculated by δ18O. The equation of Marchitto et al. (2014)
was used: T = 16.28 + [(δ18Osw – δ18OUvi) ÷ 0.231]. Values for δ18OUvi and δ18Osw are
as shown in Figure 6. The reconstructed temperatures deviate from calculated
temperatures by an average of ±0.6ºC. This test helps confirm that δ18OUvi is behaving
as expected.

Table 3. GLODAP sites for seawater isotope profiles.
Cruise

Sta'on

La'tude (N)

Longitude (E)

318M19730822
318M19730822
31DS19960105

303 (B)
306 (B)
101 (B)

-38.38
-32.83
-37.31

189.93
196.37
189.11

316N19920502

148 (B)

-32.51

194.85
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Stable Isotopes (δ13C)
Generally δ13CUvi decreases with depth, from a maximum of 0.67‰ at 663m, to a
minimum of approximately -0.9‰ at 3295m within the Bay of Plenty (Table 2). After this
depth, δ13CUvi increases to a value of -0.26‰ at 4375m on Chatham Rise (Fig. 8).
Replicates reproduced δ13CUvi within ± 0.3‰. This is greater variability than seen in
δ13CUvi and is also greater than the usual 1-σ precision of the Rutgers isotope
laboratory, which is ~0.05‰ for δ13C.
The δ13CUvi trend with depth follows the same general pattern as δ13Csw (Fig. 8),
though the values are offset by an average of ~0.7‰. The offset is not constant, and
varies with depth. The greatest offset is -1.24‰ at 3295 m depth (Fig. 8). It is typical of
Uvigerina to show lower δ13C than the overlying bottom waters, due to their infaunal
habitat (e.g. McCorkle et al., 1995).
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Figure 8. A depth profile showing δ13C of core-top Uvigerina and bottom waters. Error
bars on δ13CUvi reflect the 1–σ precision of Rutgers isotope laboratory (~0.05‰).
Core-top δ13CUvi is consistently lower than δ13Csw, which is expected given its infaunal
habitat (e.g. McCorkle et al., 1990). The offset between δ13CUvi and δ13Csw is not
constant. It is greatest within the Bay of Plenty at a depth of 3295m (-1.24‰). Some of
the variability in δ13CUvi may be due to variations in microhabitats/heterogeneity within
the sediments. Sites used for seawater profile are listed in Table 3.
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Trace Elements (U. peregrina)
For most of the core-tops measured, Mg/Ca decreases with depth. The
shallowest core (663m) yielded a Mg/Ca ratio of 1.17 mmol/mol at a temperature of
~8.5ºC, while the deepest core (4375m) yielded an average Mg/Ca ratio of 0.85 mmol/
mol at a temperature of ~0.9ºC (Fig. 9; Table 4). Relative standard deviation for Mg/Ca
was ~2%, determined by repeated analysis of a consistency standard at the beginning
and end of each run. Replicate samples (two populations of individuals from the same
depth, crushed separately) reproduced Mg/Ca within ±0.12 mmol/mol (~10%). The Mg/
Ca values measured at the New Zealand sites are consistent within 2 RSD with Mg/Ca
ratios measured in other studies at similar temperatures (Fig. 1).
Arguably, the most remarkable feature of the New Zealand dataset is the high
Mg/Ca ratios between 2400m and 3300m. These were the highest measured in this
study, with an average of ~1.35 mmol/mol and a maximum of 1.52 mmol/mol at bottom
water temperatures of ~1.9ºC (Fig. 9). These values are also noticeable in the global
dataset when plotted against temperature (Fig. 1). Similarly high Mg/Ca ratios can be
found in other datasets, particularly in Lear et al. (2002) and Elderfield et al. (2006), at
the same temperature of ~2ºC. This study confirms the existence of high Mg/Ca values
at low temperatures. These values do not fit any of the previously-published calibration
curves (Fig. 1).
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Table 4. Mg/Ca results for core-top U. peregrina.
Core

Depth (m)

Morph.

Mg/Ca
(mmol/mol)

BWT (ºC)

86

663

Uvi. A

1.17

8.46

78

1163

Uvi. A

1.24

4.88

12

1335

Uvi. A

1.15

4.07

12

1335

Uvi. D

1.20

4.07

133

1407

Uvi. A

1.13

3.85

22

1682

Uvi. A

1.00

2.89

22

1682

Uvi. D

1.06

2.89

94

1806

Uvi. A

1.15

2.70

92

1818

Uvi. A

1.06

2.70

65

1887

Uvi. A

0.96

2.42

70

1997

Uvi. A

1.09

2.41

68

1997

Uvi. A

1.02

2.41

68

1997

Uvi. D

1.12

2.41

26

2418

Uvi. A

1.27

2.10

104

2472

Uvi. A

1.26

2.00

104

2472

Uvi. B

1.34

2.00

122

2541

Uvi. A

1.53

1.99

114

3295

Uvi. A

1.52

1.85

114

3295

Uvi. A

1.22

1.85

114

3295

Uvi. B

1.37

1.85

114

3295

Uvi. B

1.26

1.85

114

3295

Uvi. D

1.35

1.85

38

4375

Uvi. A

0.97

0.92

38

4375

Uvi. B

0.82

0.92

38

4375

Uvi. B

0.77

0.92
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Figure 9. Core-top Mg/Ca compared to bottom water temperatures. Error bars reflect a
relative standard deviation of 2%. The Mg/Ca–Temperature axes were aligned using
the equation Mg/Ca = 0.0767*T + 0.83, which was derived for this study (see Fig. 11).
Many of the core-top measurements follow the temperature trend, as expected. Sites
between 2400 and 3300m have measured Mg/Ca values that are noticeably higher
than expected. This corresponds to depths bathed by Pacific Deep Water (see Fig. 3;
Fig. 4).
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Trace Elements (G. inflata)
G. inflata are reported to generally have a calcification depth of 250–500 m
(Anand et al., 2003; Cléroux et al., 2008; Groenveld and Chiessi, 2011), which in this
region corresponds to temperatures of approximately 9–15ºC. The following speciesspecific equation from Groenveld and Chiessi (2011) was used to estimate the expected
Mg/Ca value of G. inflata, assuming an average calcification temperature of ~12ºC:
Mg/Ca = 0.72 exp (0.076 * T)

(Eq. 2)

This yields an average expected Mg/Ca ratio of ~1.8 mmol/mol, with expected Mg/Ca
ranging from 1.4–2.2 mmol/mol. Most of the measured G. inflata yield Mg/Ca ratios
averaging ~1.85 above 2000m (Fig. 6; Table 5). This corresponds to a calcification
temperature of ~12.4ºC and a calcification depth of ~375m.

Table 5. Mg/Ca results for core-top G. inflata. Tcalc is from Equation 2.
Core

depth
(m)

Mg/Ca
(mmol/mol)

Tcalc
(ºC)

78

1163

1.88

12.65

22

1682

1.87

12.54

22

1682

1.89

12.70

68

1997

1.75

11.69

68

1997

1.77

11.87

26

2418

1.46

9.34

26

2418

1.30

7.80

104

2472

1.87

12.56

114

3295

1.30

7.73

The Mg/Ca ratios of G. inflata generally decrease with depth (Fig. 6), at a rate of
approximately –0.315 mmol/mol per 1000m (R2 = 0.59). Alternatively, G. inflata could be
divided into two groups, one with an average Mg/Ca ratio of ~1.85 mmol/mol (shallow),
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Figure 10. Core-top Mg/Ca, comparing benthic U. peregrina with planktonic G. inflata.
The Mg/Ca values for U. peregrina are the same as those in Figure 9. The equation of
Groenveld and Chiessi (2011) is as follows: Mg/Ca = 0.72 exp (0.076 * T). Using this
equation, an Mg/Ca ratio of 1.85 yields a calcification temperature of ~12.4oC. This
corresponds to a calcification depth of ~380m (see Fig. 3, Fig. 4). Below a depth of
~2400m, however, G. inflata Mg/Ca ratios are lower, reflecting dissolution. The
diagenetic signature altering G. inflata Mg/Ca (dissolution) is not the same as that
affecting U. peregrina Mg/Ca.
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and one with an average of ~1.35 mmol/mol at depth. This second group occurs within
the same depth window as the Uvigerina samples yielding high Mg/Ca (Fig. 10). Above
2000m, replicates reproduced Mg/Ca within 0.02 mmol/mol (~1%). At 2418m, the
replicates varied by 0.16 mmol/mol (~12%).

Morphotype variations
Plotting the Mg/Ca ratios of different Uvigerina morphotypes versus temperature
reveals that all three of the morphotypes studied yield high Mg/Ca at ~2ºC (Fig. 11A),
which corresponds to the depths of ~2400–3300m where the high-Mg “bulge” is
observed in the depth profile (Fig. 4). Morphotype variability seems capable of
producing additional scatter in the data (i.e. at ~1ºC), but there is no clear pattern in this
variation. There is no consistent offset between the morphotypes.
Plotting δ18CUvi and δ13CUvi versus depth suggests a similar conclusion (Fig. 11B
and 11C): There is no consistent offset between the morphotypes.

SEM Imaging
SEM images of both the exterior and interior of foraminifera reveal differing
textures, morphology, and features at different core-top sites. The foraminifera imaged
using the SEM include G. inflata specimens from 1163m and 3295m in the Bay of
Plenty, and 2418m and 4375m on Chatham Rise. The specimens from from 2418m and
3295m correspond with the high-Mg anomalies observed in the U. peregrina trace
element analysis. The specimens from 1163m and 4375m are from core sites above
and below the high-Mg anomaly, respectively. Two U. peregrina specimens, from 3295m
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Figure 11. Morphotype results showing Mg/Ca (A), δ18OUvi (B), δ13CUvi (C).
Morphotypes are the same as those illustrated in Figure 5. There is no clear
morphotype offset.. Morphotype differences cannot be used to explain the high-Mg
measurements at ~2ºC (A) because they occur among all three morphotypes studied.
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H.

MC-78-D
1163 m
Bay of Plenty
no Mg anomaly

MC-26-F
2418 m
Chatham Rise
high Mg

MC-114-F
3295 m
Bay of Plenty
high Mg

MC-38-C
4375 m
Chatham Rise
no Mg anomaly

Figure 12. SEM imaging of the interior of G. inflata tests from differing depths. The
specimen from 1663m (A; B) shows well-defined pores, including in cross-section (B).
The specimen from 2418m (C; D) has many of its interior features covered and
obscured by a diagenetic mineral coating (C). The specimen from 3295m (E; F) shows
a similar coating on its interior (E). Some of the pores show possible evidence of
enlarging (F) which is a sign of dissolution. The specimen from 4375 m (G; H) appears
worn, and pores are only weakly-defined (G).
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Figure 13. SEM imaging of the interior of U. peregrina tests from differing depths. From the outside, the specimen from
3295m (A; B; C) appeared well-preserved. However the interior contains evidence of diagenetic alteration. The interior
is mostly smooth, but there is a roughened texture evident in areas (B). In addition, small crystalline grains were found
within the test, adhered to the interior wall (A; B; C). The specimen from 4375m (D; E; F) shows evidence of test
degradation. Dissolution holes (D; E) were in some instances severe enough to be seen from the outside of the test.
Some debris is present, but it is unclear whether there are any grains such as those found in the other specimen (C).
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A.
B.
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and 4375m, were also studied under the SEM.
The G. inflata specimen from 1163m (Fig. 12A, 12B) shows little sign of
alteration. Pores remain well-defined, and there is little evidence of later diagenetic
overgrowths. In contrast, the G. inflata specimen from 2418m has many of its pores
obscured by other material (Fig. 12C). Additionally, the pores are only poorly-defined in
cross-section (Fig. 12D). The specimen from 3295m is similarly encrusted (Fig. 12E).
This specimen also shows possible evidence of dissolution in the form of widened,
irregular pores (12F). The specimen from 4375m shows fewer overgrowths, but still
indicates post-depositional alteration (Fig. 12G, 12H).
The interior of the U. peregrina specimen from 3295m is not smooth, and has an
uneven texture (Fig. 13A, 13B). Additionally, there are foreign crystals indicating
potential diagenetic overgrowths (Fig. 13C). The interior of the U. peregrina specimen
from 4375m (Fig. 13D, 13E, 13F) is smoother, but has holes indicating dissolution (Fig.
13E).

SEM/EDS Compositional Analysis
The SEM and attached Energy Dispersive X-Ray Spectroscopy (EDS) detector
were used for compositional analysis of the interior coatings in both G. inflata and U.
peregrina. The coatings on G. inflata are different from those on Uvigerina, both
structurally and compositionally.
The coating found on the interior of the U. peregrina specimen (Fig. 14A) from
3295m returned a spectrum consistent with an alumino-silicate (Fig. 14B). This
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Figure 14. SEM/EDS analysis of coatings in both U. peregrina (see Fig. 13C) and G.
inflata (see Fig. 12C). Both overgrowths show evidence of crystalline structure (A; C)
though they are differently-shaped. Further, they have very different compositions: The
growth within the U. peregrina specimen (A) was revealed to be an aluminosilicate (D).
The growth within the G. inflata specimen (C) was found to be mostly calcium
carbonate, with some other trace metals (e.g. Na, Mg).

unknown silicate contains minor amounts of Mg, K, and Na (each ≤2 wt%) in addition to
Si, Al, and Fe. The Mg content averaged Mg/Ca ~180 mmol/mol.
The coating on the interior of the G. inflata specimen (Fig. 14C, 14D) from
2418m returned a spectrum indicating mostly-pure CaCO3 (97-98 wt%), with only trace
amounts of other cations (e.g. Na, Mg, K, Al, Fe, each <1 wt%). According to the EDS,
the Mg content averaged ~0.5 wt%, which is equivalent to a Mg/Ca ratio of ~29.6 mmol/
mol. This is higher than foraminiferal calcite, but consistent with inorganic calcite.
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Age control
While radiocarbon dates are unavailable for the core-top sites, some constraints
can be placed on their age using other New Zealand cores and calculated
sedimentation rates. Three of the core-tops studied are paired with longer piston cores,
which are dated using both

14C

and tephrochronology (Sikes et al., 2016). These cores

are RR0503 86 MC/87 JPC (663 m), 78 MC/79 JPC (1165 m), and 122 MC/125 JPC
(2541 m). Core 87 JPC contains an ash layer at 95cm depth dated to ~6.5 kyr BP,
yielding an average sedimentation rate of 14.6 cm/kyr. The first centimeter of sediment
from multicore 86 is thus expected to contain material from at least the past ~100 years,
and is certainly younger than 6.5 kyr. Core 79 JPC has the same 6.5-kyr ash layer at a
depth of 28cm, yielding a sedimentation rate of 4.3 cm/kyr, meaning that one centimeter
of sediment in Core 78 is equal to ~200 years of accumulation. Core 125 JPC contains
an ash at 81cm depth dated to ~8 kyr BP, yielding a sedimentation rate of ~10.1 cm/kyr.
The dates from downcore reveal that, at least for these three core-tops, the
material is all of Holocene age. Based on average accumulation rates, and taking into
account bioturbation and other mixing effects, it is expected that the core-top material
from 0-1 cm depth should contain foraminifera from the past several hundred years.
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Chapter 5:
DISCUSSION
Controls on Foraminifer Stable Isotopes
The oxygen isotope composition of foraminifera is controlled primarily by
temperature and seawater δ18O (see Eq. 1). It is for this reason that benthic δ18O is
useful for studying glacial–interglacial cycles. At the New Zealand core-top sites, δ18OUvi
behaves as expected, given modern seawater δ18O and temperature (Marchitto et al.,
2014), which is evidenced by Equation 1 producing calculated temperatures that closely
resemble measured temperatures. This is encouraging, because it indicates that the
process affecting the trace element signature of the foraminifera is likely not affecting
the isotopic signature.
Similarly, the carbon isotope signature is as expected—though more variable
than that of δ18O. One possible explanation for this variability is the heterogeneity of
sediments, or shifts in porewater δ13CDIC through time. As stated earlier, sedimentation
rates imply that the core-top samples represent a few centuries. In this time, it is
possible that the porewater δ13CDIC experienced variations due to processes such as
changes in organic matter delivery or respiration (e.g. Zahn et al., 1986). It is also
possible that the core-top sediments contained several chemically-distinct
microenvironments with variable δ13CDIC in the pore waters.
Infaunal foraminifera such as Uvigerina have been shown to have more depleted
carbon isotopic signatures than the overlying bottom waters (e.g. McCorkle et al., 1990;
McCorkle et al., 1997; Schmiedl et al., 2004). Organic matter respiration within the
sediments releases

13C-depleted

CO2 into the pore waters, and infaunal foraminifera

reflect this porewater signature. The offset between δ13CUvi and δ13CDIC of bottom
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waters is not constant, and this is observed in our samples. The δ13CUvi – δ13CDIC offset
ranges from -0.34‰ at a depth of 2472 m to -1.24‰ at a depth of 3295 m, with an
average of -0.69‰ (Fig. 8). The magnitude of this offset is generally influenced by the
flux of organic carbon to the seafloor and its subsequent respiration within the
sediments (McCorkle et al., 1985; Zahn et al., 1986), and it has previously been found
to range between -0.5 to -2.0‰ (McCorkle et al., 1990; McCorkle et al, 1997; Schmiedl
et al., 2004; Gottschalk et al., 2016).

Controls on Foraminifer Mg/Ca
Temperature is assumed to be the dominant control on Mg/Ca in foraminifer
tests, which is the assumption underlying the Mg/Ca–temperature proxy. However,
multiple studies have identified confounding factors which alter or overprint the Mg/Ca
temperature signal. These additional factors can be placed into two broad categories:
pre-depositional effects, which affect the Mg content of foraminiferal calcite as it forms;
and post-depositional effects, which alter the test composition while it settles through
the water column or after it has been deposited in seafloor sediments. None of these
processes are mutually exclusive, but it is possible to constrain which may or may not
be occurring at our samples sites. Because the Mg/Ca in both benthic and planktonic
foraminifera deviates from the pattern expected from exclusive temperature control (Fig.
10), it is likely that one or more of these non-temperature effects is occurring in the New
Zealand core-top sediments or in the water column above.
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Vital effects
Although the exact mechanisms behind foraminifer biomineralization remain
uncertain, it is clear that foraminifera exert a strong control on the composition of the
calcite in their tests (de Nooijer et al., 2014; Bentov et al., 2009). These “vital effects”
result in a calcite composition that differs greatly from inorganic calcite, and is also
highly variable between genera and species (Wit et al., 2012). The most direct way of
testing these effects is through culture studies, but this option is generally unavailable
for abyssal benthic species.
One hypothesis proposed by Elderfield and others (2012) to explain unexpected
Mg/Ca ratios in Uvigerina was an offset between different species or subspecies.
Specifically, it was hypothesized that hispid Uvigerina generally had more Mg in their
tests relative to costate forms. That hypothesis was tested in this study by analyzing
morphotypes separately. The result does not support the hypothesis that morphotype
variability is the cause of the high-Mg anomalies in our sites, given that high Mg/Ca
ratios occur in all three morphotypes analyzed. Although inter-individual variability does
occur (e.g. Wit et al., 2012), it is expected that generally, the Uvigerina specimens
analyzed should produce broadly similar vital effects which will produce scatter but no
strong patterns related to morphotype.

Non-temperature influences on Mg incorporation in calcite
The existence and effect of non-temperature influences on foraminiferal Mg/Ca
has been a topic of intense study, occurring in numerous publications (e.g. Elderfield et
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al., 2006; Bryan and Marchitto, 2008). Particular attention has been given to the
carbonate system, and especially ∆[CO32-].
Although ∆[CO32-] is often cited as a cause of Mg/Ca variations beyond
temperature, it is not expected to be the major control on the high-Mg anomalies
observed in New Zealand. Carbonate becomes increasingly undersaturated with depth,
so it would be expected that its effect would be seen throughout all of the deepest
cores. This is not the case, because the Mg/Ca ratio measured at the deepest core is
not as high as those measured between 2400–3300m. In addition, Uvigerina was
chosen because infaunal foraminifera are expected to be minimally affected by bottom
water ∆[CO32-] (Elderfield et al., 2006). Finally, and perhaps most importantly, the
∆[CO32-] effect is predicted to cause decreased Mg/Ca at sites of carbonate
undersaturation (Elderfield et al., 2006). Although Elderfield and colleagues (2006) did
not develop a carbonate ion saturation correction for Uvigerina, their ∆[CO32-] correction
for Cibicidoides wuellerstorfi would yield a correction of approximately -0.06 mmol/mmol
for a site at a depth of 3295m. In contrast, the Mg/Ca ratios measured are between ~0.1
and ~0.6 mmol/mol higher than those predicted through temperature control alone.
Therefore, the carbonate ion hypothesis is insufficient to explain the Mg/Ca patterns
observed at the New Zealand sites.

Downslope transport
Unlike the other processes discussed here, downslope transport would not
necessarily affect the chemistry of the test, but it would place benthic foraminifera from
shallower waters at greater depths, potentially disrupting trends. Down-slope transport
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has been used to explain high-Mg anomalies in other studies (Lear et al., 2002).
However, for the New Zealand sites, the data do not support this conclusion.
The first thing to note is that the Uvigerina Mg/Ca ratios of the high-Mg anomaly
sites are higher than any other Mg/Ca ratios measured, including the shallowest site
(663 m) which has a BWT of ~8ºC. If we were to assume that the Mg/Ca (~1.35 mmol/
mol) of these high-Mg sites is due to calcification in shallow, warm waters, then we
would expect that the tests originated in waters warmer than ~7ºC (Fig. 1), which occur
at water depths shallower than ~750m. To cause the high-Mg anomaly, these
foraminifer tests from <750m would need to be transported downslope, bypassing
shallower sites, down to the core sites showing the anomalies. This seems unlikely.
Additional evidence supporting the in situ calcification of the core-top Uvigerina
comes from the istopic analyses: Both δ13CUvi and δ18OUvi are as expected, even at the
depths where Mg/Ca is unexpectedly high. The isotopic composition of the foraminifera
does not indicate that they calcified further upslope. Given this evidence, the high-Mg
signal must originate in situ.

Dissolution
Dissolution is a post-depositional effect that is common throughout the deep
ocean. There is visual evidence of dissolution in some of the samples studied under the
SEM in the form of cracks, irregularly widened pores, and dissolution holes (Fig. 12; Fig.
13). The trace element signature of the G. inflata core-top samples is also consistent
with dissolution. In shallow cores, the G. inflata Mg/Ca values cluster closely together,
around a value of ~1.85 mmol/mol (Fig. 10). Below this depth, Mg/Ca is lower. This is
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the same pattern as that observed in other studies on planktonic foraminifera from deep
cores (e.g. Brown and Elderfield, 1996; Rongstad et al., 2017). The lysocline (∆[CO32-] ≈
0) occurs at a depth of ~2900m in this region, but dissolution of calcite has been
observed to occur at depths well above the lysocline (Branson et al., 2015; Brown and
Elderfield, 1996). One explanation for this is that the effective lysocline shoals as the
calcite decreases in purity (Brown and Elderfield, 1996). The more Mg-rich calcite is
more vulnerable to dissolution, and is capable of dissolving at depths above the
lysocline defined for pure calcite. Another explanation lies in the processes occurring at
the seafloor: As organic matter in shallow sediments is broken down and respired, CO2
is released into the local environment, making sediment pore waters more corrosive
(e.g. Aller, 2014; Emerson and Hedges, 2008).
The partial dissolution of planktonic foraminifer tests has been observed to
reduce the measured Mg/Ca ratios. It has also been proposed that, after a certain
dissolution threshold, Mg loss ceases and the test instead disintegrates (Rongstad et
al., 2017). This fragmentation could explain the scarcity of intact G. inflata specimens at
the deepest coretop site (4375 m).
Unlike the planktonic G. inflata, the benthic species U. peregrina does not show
much evidence of dissolution, except at the deepest site (Fig. 13D, 13E). It is possible
that dissolution decreased Mg/Ca at this depth, but dissolution is not able to explain the
unusually high Mg/Ca ratios measured for the depths 2400–3300m. Whereas
dissolution would lower Mg/Ca (as seen in G. inflata), some other process is needed to
explain the high-Mg anomaly at these depths. It should be noted that this same Mgelevating process cannot be discounted at the deepest site, despite the as-expected
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Mg/Ca ratio measured. A process elevating Mg/Ca could be acting on the site at 4375m,
then subsequently “erased” by later dissolution.

Authigenic minerals
Diagenetic overgrowths have been observed to occur on foraminifer tests, and
several of these could play a role in their trace element chemistry—including Mg/Ca—if
cleaning methods fail to remove them.
The first of these authigenic minerals is inorganic calcite. In marine sediments,
calcite dissolution and precipitation can occur simultaneously, resulting in a loss of
foraminiferal calcite and the growth of authigenic calcite in its place (e.g. Branson et al.,
2015). Because inorganic calcite does not have the same tight biological controls on its
mineralization, it contains a greater amount of trace metals such as magnesium (e.g.
Lea, 2014; de Nooijer et al., 2014). The amount of magnesium in inorganic calcite at a
given temperature can be estimated using the following equation (Lea 2014; Oomori et
al., 1987):
Mg/Ca = 44.5*exp(0.033*T)

(Eq. 3)

At a temperature of ~2ºC, Mg/Ca in inorganic calcite should be ~45–50 mmol/mol. Thus,
it is expected that inorganic calcite will elevate the measured Mg/Ca ratio of foraminifer
tests. Inorganic calcite may persist through cleaning because the cleaning procedure is
meant to preserve (foraminiferal) calcite for analysis.
The SEM and EDS analysis identified inorganic calcium carbonate growing on
the interior of G. inflata specimens (Fig. 14C, 14D). As expected, it contains small
amounts of magnesium and sodium. These metal concentrations are higher than in
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foraminiferal calcite (Mg/Ca ≈ 20–25 mmol/mol), yet this inorganic calcite growth occurs
at a depth where G. inflata Mg/Ca ratios are lower than expected. The simplest
explanation for this is that the amount of Mg lost to dissolution is greater than that
added via inorganic calcite precipitation.
Other common authigenic minerals previously observed growing on or inside
foraminifer tests include Mn-carbonates, Mn oxides, and Fe oxides (Pena et al., 2008;
Hasenfratz et al., 2017). These would also be capable of elevating measured Mg/Ca,
but no evidence was found of their presence at these sites.
The presence of authigenic silicates forming on and within foraminifera is not
commonly discussed in the literature, but SEM and EDS analysis revealed
aluminosilicate crystals within one of the U. peregrina tests (Fig. 14A, 14B). These
crystals appear to be adhered to the interior surface of the test, and their shape and
distribution indicates that they likely formed in situ. Authigenic silicates commonly
formed in marine sediments include clay minerals and zeolites. Both types of mineral
contain exchangeable cations, including magnesium.
Authigenic clay minerals form from the alteration of other silicate minerals. In a
location such as the Bay of Plenty, volcanic material provides detrital silicates for
weathering. Fresh volcanic glass often reacts with seawater to form smectites (e.g.
Hodder et al., 1993). The rapid formation of clay minerals has been observed in areas
with high sediment delivery, such as the Amazon River delta (Michalopoulos et al. 2000;
Michalopoulos and Aller, 2004). The diagenesis of diatoms provides silica, while
sediments delivered by the river provide metal ions. Incubation experiments showed
that the conversion of biogenic silica to authigenic aluminosilicate minerals could occur
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in under two years (Michalopoulos et al. 2000). The rapidity of these reactions makes it
possible for authigenic silicates to appear in core-top sediments.
Detrital silicates may also be altered to form zeolites. Zeolites are formed from an
aluminosilicate framework, which contains pore spaces that often accommodate
cations. Zeolites are common in marine sediments, with the two dominant forms being
phillipsite and clinoptilolite. Phillipsite is generally associated with younger, more
siliceous sediments, while clinoptilolite generally occurs in deeper, more calcareous
sediments (Stonecipher, 1976). Zeolites can be formed via the alteration of smectites as
they react with interstitial waters. Zeolites are more silica-rich than smectites, and
clinoptilolite is more silica-rich than phillipsite. In interstitial waters rich in silicic acid
(H4SiO4) and dissolved cations, clioptilolite and phillipsite are both more stable than
smectites, with clinoptilolite favored at higher silica concentrations (Cosgrove and
Papavassiliou, 1979). The silicic acid concentration of sediments is controlled through
the balance of dissolution and precipitation: biogenic silica dissolves with depth, along
with some detrital silicates; and, under the proper conditions, new aluminosilicates may
form. The amount and composition of detrital material is important, because it is
suggested that it is the concentration of aluminum that acts as a threshold for authigenic
aluminosilicate formation (Dixit et al., 2001).
Importantly, zeolites have been observed in recent (Pleistocene) sediments,
growing within the chambers of foraminifer tests (Gingele and Schulz, 1993). Welldeveloped crystals within the foraminifera support an authigenic origin through the
precipitation from pore waters, rather than the direct alteration of detrital silicates. Pore
water data revealed that silica supply controlled zeolite formation, and that the pore
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waters were oversaturated with respect to multiple zeolites (Gingele and Schulz, 1993).
It is possible that a similar process is occurring in the New Zealand cores: the location
of aluminosilicate crystals within the foraminifer tests suggests that they precipitated in
situ from pore-water components. The chemical implications of aluminosilicate
contamination are discussed below.
At ~2ºC, calibration equations predict that Uvigerina Mg/Ca should equal ~1.0
mmol/mol (Lear et al., 2002; Elderfield et al., 2006; Bryan and Marchitto, 2008).
Measured Mg/Ca values at this temperature ranged from 1.1 to 1.5 mmol/mol, with an
average of ~1.35 mmol/mol. Given this, it is possible that the contaminant may
contribute anywhere between 9% and 33% of this signal. The average composition of
the aluminosilicate was 1.25% Mg by weight. Given the high amount of magnesium
contained within the contaminant, if even 0.5% of the material analyzed originated from
an aluminosilicate rather than foraminiferal calcite, it would result in a measured Mg/Ca
ratio of 1.26 mmol/mol, which yields a temperature of ~5.3ºC (Lear et al., 2002;
Elderfield et al., 2006; Bryan and Marchitto., 2008). If 1% of the material analyzed was
from an aluminosilicate, the measured Mg/Ca ratio would be 1.52 mmol/mol, yielding a
calculated temperature of ~8.8ºC. In short, less than 5 µg of aluminosilicate contaminant
may be needed to supply the excess magnesium observed in our samples. Even
seemingly minor amounts of aluminosilicate contamination could translate to large
errors in Mg/Ca measurements and subsequent interpretation.
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Figure 15. Comparison of water mass properties at locations showing high Mg/Ca
measurements. As seen in Figure 1, the New Zealand sites were not the only locations where
unexpectedly high Mg/Ca measurements occurred. Other locations include the Sea of
Okhotsk (Lear et al., 2002) and the Arabian Sea (Elderfield et al., 2006). The high-Mg sites
occur below the oxygen minimum zone (A), which is also below the depths of highest CO2
concentrations (B). The CO32- concentrations (C) decrease with depth, while concentrations
for silicate (D), dissolved inorganic carbon (E), and alkalinity (F) increase with depth. It is one
of these latter three properties that may be partially responsible for authigenic silicate growth
within the sediments. (Data from GLODAP v2.)
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A combination of sediment composition and water mass chemistry
The formation of authigenic aluminosilicates requires that multiple conditions be
met. The first is a supply of silicic acid, which is produced through the dissolution of
biogenic silica (as well as some detrital silicates). The second requirement is aluminum,
which most commonly derives from the dissolution of detrital aluminosilicates, or the
dissolution of iron-oxyhydroxides (Michalopoulos et al., 2000). Other ions (e.g. Na+, K+,
Ca2+, Mg2+) are also incorporated into the zeolite framework, but these are generally
more common in interstitial waters than aluminum. Given the two main requirements of
silicic acid and detrital aluminosilicates, this places a constraint on where such
authigenic aluminosilicates can form. Areas of high productivity supply abundant
biogenic silica to the sediments. Detrital aluminosilicates are provided through river
runoff, windblown dust, and/or volcanic ash, which is most readily supplied to marine
sediments close to terrestrial silicate sources.
The growth of zeolites within foraminifer tests may be controlled by more than
silica and aluminum supply, given that the Bay of Plenty sites probably receive sediment
of similar composition. The similarity in sediment chemistry cannot be confirmed given
the data available, but prior bulk sediment analysis within the Bay of Plenty suggests
that the samples should contain approximately 3–6% aluminum and 0.5–2%
magnesium, with variable amounts of calcium (3–20%) depending on distance from the
shore and dilution by terrigenous sediments (Hodkinson et al., 1986). It is possible that
local variations in sediment composition produce the Mg anomaly. For example, the
magnitude of the δ13CUvi – δ13CDIC offset reflects the delivery of organic matter to the
seafloor (Zahn et al., 1986), which could vary between sites. Differing amounts of
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organic carbon in the sediments could alter pore water conditions. It is also possible that
water mass chemistry plays a role: Interestingly, the sites indicating high Mg/Ca are all
bathed by Pacific Deep Water (Fig. 3; Fig. 4). This chemically-aged water mass
contains high concentrations of dissolved inorganic carbon (DIC) and low
concentrations of oxygen (Fig. 3; Fig. 4). It is therefore necessary to consider how these
conditions could promote zeolite or other authigenic aluminosilicate formation at some
of the New Zealand sites.
Multiple diagenetic processes occur within marine sediments. The so-called
“reverse weathering” reactions in marine sediments can be described through the
following generalized reaction (Wallmann et al., 2008):
SiO2 + metal oxyhydroxides + cations + HCO3- → clays + CO2

(Eq. 4)

Reverse weathering consumes alkalinity and produces CO2, which is the reverse of
typical terrestrial weathering reactions. A high supply of CO2, either from the overlying
water mass or from respiration of organic matter, could alter the equilibrium of this
reaction and potentially promote a different reaction instead. Marine silicate weathering
can be described through the following generalized reaction (Wallmann et al., 2008):
silicates + CO2 → authigenic silicates + cations + HCO32-

(Eq. 5)

This form of weathering has been observed in anoxic sediments in the Sea of Okhotsk,
and may be an important part of carbon cycling (Wallmann et al., 2008). Carbon dioxide
is consumed, and alkalinity (in the form of HCO3-) is produced. Unlike terrestrial
weathering, which is controlled by climatic factors such as precipitation and
temperature, marine silicate weathering is controlled by continental erosion and marine
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productivity (Wallmann et al., 2008). Where CO2 is abundant, this reaction may be
favored over reverse weathering.
The particular location of the New Zealand sites showing high-Mg anomalies
suggests that authigenic silicate formation within the tests is controlled not only by
sediment composition but also by water mass chemistry. Given these facts, it may be
possible to predict whether other sites are expected to be similarly affected.

Expanding the hypothesis
As discussed earlier, our high Mg/Ca measurements at low temperatures are not
unique (Fig. 1). Other high-Mg measurements come from the Sea of Okhotsk (Lear et
al., 2002) and the Arabian Sea (Elderfield et al., 2006). In order to determine whether
these sites might be affected by the same type of aluminosilicate precipitation as New
Zealand, it is necessary to consider the locations’ sedimentary and hydrological
conditions. We would expect them to share traits with the sites around New Zealand.
The sediments of the Arabian Sea are predominantly a mixture of detrital silicates
and siliceous microfossils, with relatively low carbonate contents (Kolla et al., 1981).
The terrigenous sediment is coarser and more abundant in the north, where it is
deposited by the Indus River, and grows finer and less abundant toward the south (Kolla
et al., 1981). Monsoonal winds produce strong seasonal upwelling that drives primary
productivity, supplying many diatom frustules that can settle to the seafloor (Cowie,
2005). The intermediate waters of the Arabian Sea are the most oxygen-depleted, while
the bottom waters have more dissolved carbon as well as more oxygen (Fig. 15; Olsen
et al., 2016).

46

The sediments of the Sea of Okhotsk are similarly rich in silicates, which are
supplied through both river runoff and volcanism (Lembke-Jene et al., 2017). These
combined sources provide detrital silicates across the basin. Primary productivity is
variable both seasonally and spatially, with large diatom blooms occurring due to winddriven upwelling and/or runoff delivering pulses of terrigenous material (e.g. LembkeJene et al., 2017). The deep waters of the Sea of Okhotsk are enriched in silica and
carbon (Fig. 15; Olsen et al., 2016).
Both the Sea of Okhotsk and the Arabian Sea have properties resembling those
of the waters off of New Zealand: these two other locations have high seasonal
productivity, an abundant supply of detrital aluminosilicates, and carbon-rich deep
waters to provide CO2 (or HCO3-) for weathering. Present data suggest that water
properties may be suitable to promote diagenesis when both DIC and dissolved silica
are suitably elevated (Fig. 15). This occurs at depths below the O2 minima and CO2
maxima. However, the bottom water chemistry is not the same as the pore water
chemistry of underlying sediments, so bottom water conditions do not necessarily reveal
the exact chemical conditions of diagenesis. Additionally, the role of organic carbon is
not yet clear. Organic carbon within the sediments may also be important.
While it is impossible to definitively conclude that the Arabian Sea and the Sea of
Okhotsk experience the same authigenic silicate growths as found near New Zealand,
given the data currently available, it is at least plausible that the sediments in these
environments could produce similar pore-water conditions and promote similar
diagenetic processes. In order to confirm this hypothesis, it would be necessary to
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conduct a detailed SEM study of foraminifer tests from these other regions to search for
aluminosilicate crystals within the chambers.

Table 6. GLODAP sites used for seawater chemical profiles (as seen in Figure 15).
Loca'on

Cruise

Sta'on

Bay of Plenty
Chatham Rise

49NZ20071122
31DS19960105

9 (B)
94 (B)

-33.26
-40.39

175.46
186.97

Arabian Sea
Sea of Okhotsk

316N19950715
90BM19930830

818 (B)
9 (B)

20.33
48.00

64.47
150.70
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La'tude (N) Longitude (E)

Chapter 6:
CONCLUSIONS
A new hypothesis explaining high Mg/Ca measurements
Many of the core-top sites from the waters off of New Zealand contained
Uvigerina that yielded Mg/Ca ratios consistent with previously-published calibrations.
However, between the depths of 2400 and 3300m, the measured Mg/Ca of Uvigerina
was unexpectedly high, so that calibration equations yielded temperatures of ~6.3ºC,
which is >4ºC above the measured bottom water temperatures of ~2ºC (Fig. 9). In
contrast, the δ18OUvi and δ13CUvi follow expected patterns (Fig. 7; Fig 8). Whatever
process is affecting the Mg/Ca of Uvigerina does not appear to be affecting the stable
isotope composition of the calcite. The Mg-elevating process also seems to not affect
planktonic foraminifera, because G. inflata Mg/Ca at the affected depths is lower, rather
than higher than expected (Fig. 10). Subsequent observations on the SEM revealed that
aluminosilicate crystals had grown within the test of the Uvigerina specimen taken from
a depth of 2541 m. Using SEM/EDS analysis, it was possible to determine that the
aluminosilicate present within the foraminifer studied contains mostly silicon and
aluminum, with minor amounts of alkali (Na+, K+) and alkaline earth (Ca2+, Mg2+) metals.
This discovery of aluminosilicate crystals within Uvigerina test chambers has
made it necessary to consider the factors leading to their precipitation and their effects
on the subsequent Mg/Ca measurements. It was noted that high Mg/Ca ratios
measured at low-temperature sites was not unique to our New Zealand study: similarly
high Mg/Ca was measured in Uvigerina from the Indian/Arabian Sea (Elderfield et al.,
2006) and the Okhotsk Sea (Lear et al., 2002). It is possible that these other sites also
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experience aluminosilicate growths on or within foraminifer tests—a hypothesis
supported by similarities in the sediment composition and water mass properties.
All three of these regions have high detrital silicate inputs—either from volcanic
ash, riverine deposits, or windblown dust. They are also sites of high seasonal
productivity, which delivers biogenic opal to the seafloor following diatom blooms.
Finally, these sites are all bathed by chemically-aged water masses rich in DIC, silica,
and other nutrients. The high silica concentrations in bottom waters and in sediment
pore waters favor the precipitation of silicate minerals. The aluminum from detrital
sediments contributes to the precipitation of framework aluminosilicates, rather than
opal or quartz. Finally, dissolved inorganic carbon, particularly in the form of CO2, could
promote weathering reactions that alter detrital minerals and release cations into pore
waters.
The present hypothesis is that a particular set of chemical conditions controlled
by surface productivity, detrital silicate delivery, and bottom water chemistry enable the
growth of authigenic aluminosilicates within the foraminifer test. These silicate crystals
can then contribute additional Mg when trace elements are measured, causing
unusually high Mg/Ca ratios in the foraminifera.

Implications
A proxy is only reliable if it faithfully records environmental conditions, and then
resists subsequent alteration. If the Mg/Ca ratio measured on Uvigerina is being
elevated by the inadvertent inclusion of cations from aluminosilicates, this could
complicate the interpretation of Mg/Ca as a paleotemperature proxy. Current procedure
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does not include SEM analysis of the interiors of foraminifer tests, so the presence of
aluminosilicate crystals within chambers may go unnoticed. Present cleaning methods
remove aluminosilicates through sonication, but this may not be sufficient if the crystals
have grown in a way that adheres them to the test. If the aluminosilicates are zeolites,
as is suspected, they are vulnerable to breakdown under acidic conditions—as occurs
at the end of cleaning, when calcite is dissolved. Even if the zeolite dissolution is
incomplete, the removal of aluminum via proton attack causes the framework to
deteriorate, releasing ions previously contained within it (Hartman and Fogler, 2006;
Hartman and Fogler, 2007).
If this aluminosilicate contamination is indeed confined to sites within a certain
set of chemical parameters, it should be possible to predict whether a core is likely to be
affected. In sites potentially vulnerable to aluminosilicate precipitates, further
investigation might include an SEM analysis of foraminifer chamber interiors. For
affected sites, a change in procedure might be necessary—such as a different cleaning
methodology. It may also be possible to develop a correction, if the composition of the
aluminosilicate can be determined. Alternatively, different methods, such as a
microprobe, may be more suitable at these locations.
The Mg/Ca ratio of foraminifera has shown promise as a paleotemperature proxy,
but it is not immune to diagenetic effects. Previously, most work has studied the
carbonate system, and how foraminiferal calcite may be altered, or overgrown with
inorganic carbonates. This study indicates that the silicate system is also deserving of
attention. It is thus necessary to be cautious in the interpretation of Mg/Ca data,
particularly in regions vulnerable to diagenetic alteration.
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Future Work
Several steps may be taken to seek further evidence in support of this hypothesis:
SEM analysis of Uvigerina specimens from the Arabian Sea and the Sea of Okhotsk
could confirm whether foraminifera there are similarly affected by aluminosilicate
growths. Further SEM analysis of Uvigerina from New Zealand could also be used to
assess the prevalence of aluminosilicate crystals within foraminifera at these sites.
Other work on the New Zealand samples would include analysis of an epifaunal species
such as Cibicidoides wuellerstorfi, to assess whether benthic microhabitat influences
vulnerability to authigenic mineral growth.
Similar analysis will be conducted on downcore samples from New Zealand, to
assess the influence on the paleotemperature record at these sites. Thorough
examination of specimens using SEM/EDS analysis will help determine whether high
Mg measurements taken further downcore are due to aluminosilicate contamination. In
particular, it might help to explain why glacial Mg/Ca is higher than modern Mg/Ca at
one of the core sites (unpublished data, not shown here). Further study and
characterization of the aluminosilicate(s) involved may enable the development of a
correction that can be applied to Mg/Ca-temperature calibrations, similar to that used by
Lea and others (2005) to remove the influence of volcanic ash. Such a correction would
likely be site-specific, given that the composition of authigenic aluminosilicates will
depend on the pore water chemistry at the location of their formation.
In summary, future work will focus first on locating further evidence for the
aluminosilicate contamination hypothesis, both in New Zealand and elsewhere. The
next step will be an attempt to further characterize the aluminosilicate(s) responsible,
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and assess the conditions required for precipitation. Finally, possible remedies will be
pursued, ranging from mathematical corrections to cleaning and/or screening
procedures. Until more is known, it is recommended that foraminifera be examined for
evidence of authigenic mineral contamination inside test chambers, to prevent possible
misinterpretation of Mg/Ca measurements.
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